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The temperature dependence of the isomer shift of ␣-iron between 4.2 and 990 K and of Dy3Fe5O12 between
4.2 and 550 K has been analyzed in terms of the Debye model for the second-order Doppler shift, a model in
which an additional parameter, the effective vibrating mass, is included. This mass is found equal to 57 g/mol
in the ionic compound, Dy3Fe5O12, and equal to 60 g/mol in metallic ␣-iron. The deviation of this mass from
57 g/mol is a measure of the covalency of the metallic bonding in ␣-iron. The inadequacy of the graphical
procedure proposed by Rechenberg, based on the treatment of second-order terms in the temperature dependence of the isomer shift, is also illustrated.

In our recent paper1 we reported, among many other results, a detailed analysis of the temperature dependence of
the isomer shift and logarithm of the absorption area in the
filled skutterudites, Cex Fe4⫺y Coy Sb12, an analysis which
was based on the Debye model2 of the vibrations of a solid.
As was already pointed out in our original paper,1 it is well
known that the Debye model provides only a rather crude
description of the vibrations present in a complex solid. In an
attempt to improve this model for the description of the lattice dynamics of a complex solid, we have introduced
an additional parameter,2 the ‘‘effective recoil mass.’’
Rechenberg3 in the preceding comment criticizes us for introducing this parameter and proposes an alternate analysis
of the temperature dependence of the isomer shift, an analysis which is restricted to five data points and yields a Debye
temperature of 490 K for Ce0.98Fe4Sb12, a value which is in
good agreement with our value1 of 520 K. Hence, the introduction of this ‘‘effective recoil mass’’ in the analysis does
not affect significantly the numerical value of the Debye
temperature. Further, these values of the Debye temperature
are in complete agreement with the values deduced from the
infrared frequencies measured4 in the filled skutterudites,
RFe4P12, values, which range between 450 and 590 K.
It is well known that the Mössbauer effect cannot be explained on classical grounds as suggested and done by Rechenberg in Ref. 3. Hence, any classical treatment of the
lattice dynamics will only be an approximation. In an attempt to in some way improve upon the classical modeling
of the lattice vibrations, many authors5–7 have introduced the
concept of the ‘‘effective recoil mass,’’ which could perhaps
be more adequately referred to as the ‘‘effective vibrating
mass.’’ For instance, Gonser7 divides the vibrations of a molecular crystal into intramolecular vibrations, which are de0163-1829/2000/62共10兲/6829共3兲/$15.00
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scribed with an Einstein model, and intermolecular vibrations, which are described with a Debye model, a model in
which, in the expression for the recoil energy, the mass is
that of the entire unit of the complex molecular structure
undergoing recoil. In other words, a vibrating mass larger
than 57 g/mol indicates that the vibrating iron-57 atom, to
some extent, drags along its covalently bound near neighbors
during the vibration process. Hence, we consider that the
approximation we have used1 of an ‘‘effective recoil mass’’
or an ‘‘effective vibrating mass’’ larger than 57 g/mol is
reasonable and represents the covalent bonding which is
present within the Fe4 X 12 molecular polyanion, where X is P
or Sb, a covalency which is also observed in infrared studies4
of RFe4P12.
Rechenberg3 states that the temperature dependence of the
isomer shift often does not exhibit the classical expected
slope of ⫺7.29⫻10⫺4 mm/共s K兲 because the investigated
temperature range is often too restricted for the asymptotic
law to be valid. Figure 1 shows our recent measurements8 of
the temperature dependence of the isomer shift in ␣-iron obtained between 4.2 and 990 K, i.e., up to temperatures which
are well above the reported9 Debye temperature of 467 K.
Because the relative errors in our isomer shift values as a
function of temperature are at most ⫾ 0.002 mm/s, the
straight line in Fig. 1, a linear fit of the six data points at
temperatures of 467 K and above, has a slope of (⫺6.90
⫾0.09)⫻10⫺4 mm/共s K兲. A more restricted fit with fewer
but higher temperature data points leads to slopes between
⫺6.89⫻10⫺4 and ⫺7.04⫻10⫺4 mm/共s K兲. Thus, the linear
fit slope spans a possible range from ⫺6.81⫻10⫺4 to
⫺7.04⫻10⫺4 mm/共s K兲 and is significantly smaller than the
classical slope of ⫺7.29⫻10⫺4 mm/共s K兲. The ‘‘effective recoil mass’’ or the ‘‘effective vibrating mass’’ deduced2 from
6829
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FIG. 1. The temperature dependence of the isomer shift in
␣-iron. The straight line represents the linear fit to the data obtained
above the Debye temperature. The solid line represents the best fit
obtained as described in Ref. 1. The error bars for the isomer shift
values are approximately the size of the data points.

the slope of (⫺6.90⫾0.09)⫻10⫺4 mm/共s K兲 is 60.3
⫾0.8 g/mol. Hence, even when applied to a unielemental
crystal such as ␣-iron, the Debye model fails.
Figure 1 also shows the fit, carried out as described in
Ref. 1, of the temperature dependence of the isomer shift in
␣-iron between 4.2 and 990 K. The ‘‘effective recoil mass’’
or the ‘‘effective vibrating mass’’ deduced2 from this fit is
60.5 g/mol and the Debye temperature is 480 K, a value
which is in good agreement with the reported value9 of 467
K. The ‘‘effective vibrating mass’’ of 60.5 g/mol indicates
that the iron atoms in ␣-iron are bonded through covalent
metallic bonding and hence drag their neighbors in the vibrational process. Further, it should be noted that the temperature dependence of the natural logarithm of the Mössbauer
spectral absorption area of ␣-iron yields8 an ‘‘effective recoil
mass’’ or an ‘‘effective vibrating mass’’ of 60⫾2 g/mol and
a Debye temperature of 480⫾5 K, values which are completely consistent with those obtained from the temperature
dependence of the isomer shift.
Figure 2 shows the results of the procedure described3,10
by Rechenberg and applied to the temperature dependence of
the isomer shift in ␣-iron between 155 and 990 K. The rather
poor linear fit, which is shown by the solid line that has a
slope of ⫺1.417⫻10⫺2 共K mm兲/s, gives a completely unrealistic Debye temperature of 623 K. Hence, we can only
conclude both that the procedure proposed3,10 by Rechenberg
does not give a good estimate of the Debye temperature in
the simple case of a unielemental lattice and that its apparent
applicability3 to the filled skutterudites is probably accidental. Further, Rechenberg3 states that the accuracy of his
graphical procedure would be improved if a few more data
points, taken at moderately high temperatures, were available. This is not correct as shown in Fig. 2 in which there are
ten data points versus five data points in Fig. 1 of Ref. 3.
Indeed, the Rechenberg’s graphical procedure3,10 relies on
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FIG. 2. The temperature dependence of the isomer shift in
␣-iron plotted as described in Ref. 3.

the deviation of the experimental isomer shift from a linear
temperature-dependent behavior, a deviation which decreases as temperature increases. Hence, the exploitation of
data points at moderately high and high temperatures will be
strongly affected by experimental errors.
In order to more precisely define the meaning of the ‘‘effective vibrating mass,’’ we have recently studied11 the temperature dependence between 15 and 550 K of the two iron共III兲 isomer shifts in Dy3Fe5O12. In this case, the Debye
model fits1 give an ‘‘effective vibrating mass’’ of 57
⫾1 g/mol and Debye temperatures of 405⫾5 and 505
⫾5 K, for the iron共III兲 octahedral 16a and tetrahedral 24d
sites, respectively. Hence, for a compound, in which the
iron-57 cations are virtually totally ionically bonded to their
neighboring oxygen dianions, the ‘‘effective vibrating mass’’
is, as expected in the absence of covalency, 57 g/mol. Further, the Debye temperatures are in the range of Debye temperatures measured12 by other techniques for garnets. Rechenberg’s graphical procedure3,10 applied to Dy3Fe5O12 for
five temperatures between 250 and 500 K gives estimated
Debye temperatures of 416 and 489 K, for the iron共III兲 octahedral 16a and tetrahedral 24d sites, respectively. However, when this procedure is applied to eight temperatures
between 250 and 550 K, the linear correlation is nonexistent
for the octahedral 16a site and very poor for the tetrahedral
24d site. Once again, we are forced to conclude that Rechenberg’s graphical procedure,3,10 which relies on a variation
in the isomer shift of the order of 0.002 mm/s, is extremely
sensitive to experimental errors, errors which are rarely less
than ⫾ 0.002 mm/s, and only accidentally gives the correct
estimated Debye temperatures in a few cases.
In conclusion, we have shown that, even in the case of the
simple unielemental lattice of ␣-iron, the Debye model is a
rather poor approximation for the description of the temperature dependence of the isomer shift as measured by Mössbauer spectroscopy. Unfortunately, in the absence of a better
model of the lattice vibrations, the Debye model, and its
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somewhat modified or improved versions, are the only practical models available. We believe that the introduction1 of
the additional parameter, the ‘‘effective recoil mass’’ or the
‘‘effective vibrating mass,’’ is a permissible way5–7 of accounting for the covalent bonding present in both complex
lattices, such as is found in Cex Fe4⫺y Coy Sb12, and in simple
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R. H. Herber, in Chemical Mössbauer Spectroscopy, edited by R.
H. Herber 共Plenum, New York, 1984兲, p. 199; R. D. Ernst, D. R.
Wilson, and R. H. Herber, J. Am. Chem. Soc. 106, 1646 共1984兲.
3
H. R. Rechenberg, preceding Comment, Phys. Rev. B. 62, 6827
共2000兲.
4
S. V. Dordevic, N. R. Dilley, E. D. Bauer, D. N. Basov, M. B.
Maple, and L. Degiorgi, Phys. Rev. B 60, 11 321 共1999兲.
5
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lattices, such as ␣-iron, even if the introduction of this parameter is not rigorous on classical grounds. In contrast, in
ionic lattices, the ‘‘effective vibrating mass’’ of iron-57 is
found equal to the expected 57 g/mol, an observation which
supports the interpretation given above for larger values of
this parameter in the presence of covalency.
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